T ooth enamel, which is composed of well-organized hydroxyapatite (HAP) crystals, is the hardest tissue in vertebrate animals. Biomineralized enamel develops from tooth enamel extracellular matrix proteins secreted by epithelially derived ameloblasts. Formation of enamel is a dynamic process involving protein-crystal and protein-proteinase interactions, in which the proteins in the enamel matrix are removed by proteinases, thus allowing the HAP crystals to elongate; ultimately, HAP makes up greater than 95% of the tooth enamel (Robinson et al., 1997; Smith, 1998; Fincham et al., 1999) .
INTRODUCTION
T ooth enamel, which is composed of well-organized hydroxyapatite (HAP) crystals, is the hardest tissue in vertebrate animals. Biomineralized enamel develops from tooth enamel extracellular matrix proteins secreted by epithelially derived ameloblasts. Formation of enamel is a dynamic process involving protein-crystal and protein-proteinase interactions, in which the proteins in the enamel matrix are removed by proteinases, thus allowing the HAP crystals to elongate; ultimately, HAP makes up greater than 95% of the tooth enamel (Robinson et al., 1997; Smith, 1998; Fincham et al., 1999) .
The primary protein components of the secreted enamel matrix are amelogenins and their hydrolytic products. Amelogenins are synthesized from alternatively spliced mRNAs, ranging in size from 5 to 28 kDa (Lau et al., 1992; Li et al., 1995; Hu et al., 1996a,b) . These proteins are further processed at both their C-and N-termini by matrix metalloproteinase 20 (MMP20), to form many smaller peptide fragments, including a 23-kDa amelogenin (Amg23), a 5-kDa tyrosine-rich amelogenin peptide (TRAP), and a 5.4-kDa leucine-rich amelogenin peptide (LRAP). The Amg23 and TRAP are formed from a full-length amelogenin (Amg25), while the LRAP is generated from an alternatively spliced LRAP precursor (Fincham et al., 1981; Gibson et al., 1991; Moradian-Oldak, 1993, 1995; Moradian-Oldak et al., 1994) . These protein fragments may play important roles in the formation and elongation of tooth enamel crystals.
A transversion mutation of cytosine to adenine in exon 6 of the Xchromosomal amelogenin gene, resulting in a proline-to-threonine substitution at residue 41 (P41T) in the amelogenin protein, has been reported (Collier et al., 1997) . This gives rise to the clinical condition amelogenesis imperfecta (AI). Persons with AI have been reported to show a hypomature phenotype, characterized by hypomineralized enamel matrix, with more proteins retained and fewer minerals formed in the enamel matrix (Collier et al., 1997; Ravassipour et al., 2000; Hart et al., 2002) . We have reported that MMP20 cleaves amelogenin between Trp45 and Leu46, to form TRAP (Li et al., 1999) . The P41T mutation does not alter the cleavage site at T45/L46, but reduces the rate of hydrolysis of amelogenin, resulting in decreased TRAP formation (Li et al., 2001 (Li et al., , 2003 . Our previous studies also showed that the P41T mutation alters the enzyme kinetics of MMP20 on its amelogenin substrate (Li et al., 2001 (Li et al., , 2003 , but the mechanism of the impairment caused by this mutation is still unclear.
We hypothesized that the P41T point mutation affects the binding affinity between amelogenin and MMP20, resulting in decreased substrate degradation. In this study, we used different methods to analyze the amelogenin-MMP20 interactions, including a state-of-the-art technique, surface plasmon resonance (SPR), for our quantitative and dynamic experiments. For these protein-protein interaction assays, we used an intact and inactive MMP20 protein, which was created by introducing a point mutation, Glu225 to Ala, in its catalytic domain, to prevent interference from the smaller fragments produced by autolysis of this protein during its
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KEY WORDS: amelogenin, matrix metalloproteinase 20, protein interaction, tooth enamel, biomineralization, amelogenesis imperfecta. expression and purification, and when the enzyme was being used to degrade its substrates (Li et al., 1999; Wang et al., 2006) . The results of this study provide new insights into the pathogenesis of AI, and are also helpful in our understanding of the interactions between amelogenin and MMP20 during tooth enamel formation.
MATERIALS & METHODS
Purification and Characterization of Amelogenins, Wild-type Active Recombinant Human MMP20 (rhMMP20), and Mutated Inactive rhMMP20
Both wild-type amelogenin (rh174) and P41T mutant amelogenin (P41T) were expressed and purified as described previously (Li et al., 2001 (Li et al., , 2003 . The wild-type recombinant active human MMP20 (rhMMP20) used in this study was expressed and purified according to a previously described protocol for recombinant bovine MMP20 (Li et al., 1999) .
To create an inactive rhMMP20 for the protein-protein interaction studies, we introduced a point mutation into the rhMMP20 expression construct, resulting in a substitution of Glu at position 227 for Ala (E227A). This was done with the use of a QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and the following primers: 5Ј-GTT GCT GCT CAT GCA TTT GGC CAT GCC-3Ј and 5Ј-GGC ATG GCC AAA TGC ATG AGC AGC AAC-3Ј. Expression, purification, and refolding of the E227A inactive enzyme were performed in parallel with wildtype rhMMP20, by the same protocol. Both rhMMP20 and E227A inactive rhMMP20 were characterized by SDS-PAGE and Western blot analysis. Enzymatic activities of the purified proteases were analyzed by zymography and quenched-peptide assay (Li et al., 1999; Wang et al., 2006) . The digested amelogenins were visualized by SDS-PAGE and analyzed by MALDI-TOF mass spectrometry (MS).
Peptide Competition Assay for Comparison of the Binding Affinities of Active rhMMP20 for Wild-type and P41T Mutant Amelogenin Peptides
We designed a competition assay to measure the effect of the P41T mutation of amelogenin on its binding affinity for active MMP20. Two peptides-A1 (SYGYEPMGGWLHHQ), which corresponds to amino acid residues 36-49 of the wild-type human amelogenin sequence, and M1 (SYGYETMGG WLHHQ), which has the same sequence as A1, except for a single substitution mutation (underlined) corresponding to residue 41 of the fulllength amelogenin (Collier et al., 1997) -were synthesized (Genemed, South San Francisco, CA, USA).
Both A1 and M1 peptides were dissolved at a concentration of 10 M in assay buffer (50 mM Tris-HCl at pH 7.5, 10 mM CaCl 2 , 50 M ZnCl 2 , and 150 mM NaCl) containing 5 M of fluorescent quenched-peptide Mca-KPLGL-Dpa-AR-NH 2 (M2350, Bachem Biosciences, King of Prussia, PA, USA). Active rhMMP20 was added to the reaction buffer to a final concentration of 40 nM. All groups were assayed in triplicate, and the fluorescence intensity of the enzymatic products was monitored by means of a fluorometer (Molecular Devices, Sunnyvale, CA, USA). The digested products were identified by MALDI-TOF MS.
Surface Plasmon Resonance Analysis of the Binding of E227A rhMMP20 for Different Amelogenins (rh174 and P41T Mutant)
The binding affinity of rh174 or P41T amelogenin for E227A rhMMP20 was analyzed by SPR with the use of a Biacore 1000 optical biosensor (GE Healthcare, Piscataway, NJ, USA). Briefly, Nterminally His-tagged E227A rhMMP20 at a concentration of 0.5 mM was immobilized on a nitrilotriacetic acid (NTA) sensor chip pre-activated with 0.5 mM Ni 2+ (Huang et al., 2006) . After the sample was washed, rh174 or P41T amelogenin at various concentrations (0.2, 0.5, and 1 mM) was injected over the immobilized E227A rhMMP20 surface for 80 sec at a flow rate of SDS-PAGE analysis of rhMMP20s after purification showed that the 55-kDa intact protein of wild-type active rhMMP20 (left lane) was absent; however, the autolytic products of rhMMP20 were predominantly located at 25 and 21 kDa. A predominant 55-kDa band with minor smaller fragments of inactive E227A rhMMP20 can be seen in the right lane of the SDS-PAGE gel. M, protein standard; Wt MMP, active wild-type rhMMP20; Mt MMP, inactive E227A rhMMP20. (B) Quenched-peptide digestion assay showed that wild-type rhMMP20 (Wt MMP20) was active. However, the enzymatic activity of inactive E227A rhMMP20 (Mt MMP20) was undetectable. The RFU readings depended on the amount of fluorophores released from the quencher in the quenched peptide by rhMMP20 hydrolysis. RFU, relative fluorescence units. (C) SDS-PAGE analysis showed that the wild-type human recombinant amelogenin is digested by wild-type active rhMMP20 (Wt MMP20, upper row), but is not degraded by mutated inactive E227A rhMMP20 (Mt MMP, lower row).
J Dent Res 87(5) 2008
Decreased MMP20 Binding to Amelogenin and AI 453
15 L/min. An NTA sensor flow channel without rhMMP20 was used as a subtractive reference control for non-specific binding of amelogenins to the chip surface. All binding experiments were performed in a running buffer of 10 mM HEPES at pH 6.8, 0.01% Tween-20, 0.5% BSA, and 300 mM NaCl, at 25°C. The NTA surface was regenerated by injection of 20 L 0.25% SDS, followed by injection of 15 L of 0.35 M EDTA at a flow rate of 15 L/min.
The association, dissociation, and regeneration phases were monitored by measurement of SPR resonance units (RU) over time (sec). The sensorgrams were analyzed by BIAevaluation Software (GE Healthcare) and a 1:1 (mol/mol) Langmuir binding model for the determination of rate constants. The 1:1 Langmuir binding model represents a simple reversible interaction between 2 molecules. The values of the association rate (K on ) and the dissociation rate (K off ) between an analyte and a ligand were calculated from the forward and reverse reactions of the optimal fitted binding curves, respectively. The association constant (K a ) was obtained as a ratio of K on /K off . The K on , K off , and K a values of E227A rhMMP20 binding to rh174 or P41T amelogenin were compared. All analyses were run in triplicate, with the same conditions used for determination of the average and standard deviation values.
Statistical Analysis
The data collected from the pull-down assays and SPR studies were analyzed by Student's t test with Graphpad Prism 4.0a software (Graphpad Software, Inc., San Diego, CA, USA). The data from the peptide competition assays were analyzed by oneway ANOVA, followed by Scheffé's post hoc test.
RESULTS

Purification and Characterization of E227A rhMMP20
After refolding and activation by stepwise dialysis, wild-type rhMMP20 underwent autolysis into multiple smaller fragments, as revealed by SDS-PAGE (Fig. 1A) , zymography (data not shown), and Western blot (data not shown), with predominant active autolytic bands at 25 and 21 kDa. After refolding, the major band of E227A rhMMP20 remained as an intact 55-kDa protein (Fig. 1A) . The quenched-peptide assay and zymography showed that wild-type rhMMP20 was active, whereas the E227A MMP20 was completely inactive (Fig. 1B) . After incubation of active rhMMP20 or inactive E227A rhMMP20 with rh174 amelogenin for 5 hrs, only active rhMMP20 was able to digest the amelogenin (Fig. 1C) .
Competition Assays to Compare the Binding of Active rhMMP20 for Amelogenin Peptides
The fluorescent intensity observed in a competition assay is directly related to the amount of digested quenched peptides. This fluorescent signal is inversely related to the affinity of active rhMMP20 for either unmodified peptide A1 or mutant M1, which act as competitors of the quenched peptide for MMP20 binding. The highest relative fluorescence units (RFU) were observed in the control reaction consisting of MMP20 and quenched peptide without competitors (Fig. 2) . The slope of the curve of RFU values obtained from a digestion reaction containing MMP20, quenched peptide, and the mutated peptide M1 (11.1 ± 0.6) was significantly higher than that for the peptide A1 (8.3 ± 0.5) (n = 3, p < 0.01) (Fig. 2) , suggesting that peptide M1 has a lower binding affinity than A1 for rhMMP20.
Surface Plasmon Resonance Comparison of the Binding Affinity of Amelogenins for E227A rhMMP20
The binding of immobilized E227A rhMMP20 for different concentrations (0.2, 0.5, and 1 M) of rh174 and P41T amelogenins were analyzed by SPR, and the referencesubtracted averaged data are presented in sensorgrams (Fig. 3) . The response level after 80 sec from the binding of rh174 amelogenin for E227A rhMMP20 (left panel in Fig. 3 ) was consistently higher than that of the P41T mutant at similar concentrations (right panel in Fig. 3 ), suggesting that rh174 amelogenin has greater binding affinity for E227A rhMMP20 than does P41T mutant amelogenin. Kinetic data showed that the average value of the on-rate constant, K on , of rh174 amelogenin binding for E227A rhMMP-20 (6.45 x 10 4 ± 2.46 x 10 4 M -1 s -1 ) was significantly higher than that of the P41T mutant (1.87 x 10 4 ± 0.70 x 10 4 M -1 s -1 ) (p < 0.05, Table) . Comparison of the binding affinities of active rhMMP20 for amelogenin peptides by peptide competition assays. The fluorescence intensity observed in a peptide competition assay was directly related to the amount of digested quenched peptides. Therefore, the fluorescent signal was inversely related to the affinity of active rhMMP20 for the competitor peptides (A1 or M1), which competed with the quenched peptide for binding to MMP20. The reaction without any competitors (QP+MMP20) had the highest RFU readings (curve's slope = 12.34 ± 0.31, n = 3). The wild-type A1 peptide (A1+QP+MMP20) is a significantly stronger competitor (curve's slope = 8.29 ± 0.46, n = 3) than M1 peptide (M1+QP+MMP20), containing a P-to-T mutation (curve's slope = 11.14 ± 0.64, n = 3). QP, quenched peptide; A1, peptide without mutation; M1, peptide with mutation; RFU, relative fluorescence units. *p < 0.05. **p < 0.01. rh174 Wild-type Amelogenin** P41T Mutated Amelogenin (mean ± SD, n = 3) (mean ± SD, n = 3) K on (1/Ms) 6.45 x 10 4 ± 2.46 x 10 4 1.87 x 10 4 ± 0.70 x 10 4 * K off (1/s) 5.68 x 10 -3 ± 0.90 x 10 -3 5.86 x 10 -3 ± 0.34 x 10 -3 K a (1/M) 1.19 x 10 7 ± 0.57 x 10 7 3.23 x 10 6 ± 1.31 x 10 6 * *P < 0.05 ** rh174, wild-type recombinant full-length human amelogenin; P41T, mutated recombinant human amelogenin; E227A rhMMP20, recombinant human MMP20 with E227A mutation; K on , on-rate constant; K off , off-rate constant; K a , affinity constant; SD, standard deviation.
However, there was no significant difference in the average values of the off-rate constant, K off , between rh174 and P41T amelogenin (p > 0.05, Table) . The difference in association constants indicates that rh174 amelogenin binds for E227A rhMMP-20 at higher affinity than does the P41T mutant. The affinity constant (K a = K on /K off ) of rh174 amelogenin binding for E227A rhMMP20 was determined to be 1.19 x 10 7 ± 0.57 x 10 7 M -1 , three times higher than that of the P41T mutant binding for E227A rhMMP20 (3.23 x 10 6 ± 1.31 x 10 6 M -1 ) (p < 0.05, Table) .
DISCUSSION
A proline-41 to threonine (P41T) mutation in amelogenin leads to disrupted tooth enamel mineralization and results in AI (Collier et al., 1997) . How can a single proline substitution produce such a significant alteration in enamel maturation and mineralization? One possible explanation is that the mutated amelogenin generates more heterogeneous assemblies than does wild-type amelogenin, which alters crystal formation (Moradian-Oldak et al., 2000; Moradian-Oldak, 2001) . However, as shown in our previous studies (Li et al., 2001 (Li et al., , 2003 , another possibility is that the P41T mutation makes amelogenin a less favorable substrate for MMP20, resulting in decreased degradation of amelogenins from the matrix. This decreased degradation may be the result of impaired interactions between these 2 proteins caused by the proline 41 mutation. Proline residues have been reported to be critical in protein-protein recognition (Kay et al., 2000) . In this study, we used different assays-including competition assay, pull-down assay (APPENDIX), and SPR-to investigate the proteinprotein interactions of MMP20 with the wild-type amelogenin and the P41T mutant. We directly confirmed that a single proline mutation at the N-terminus of amelogenin could dramatically affect the interactions between these 2 proteins. The E227A mutation was introduced into the catalytic domain of MMP20 to create an inactive proteinase, which keeps the proteinase intact and minimizes the interference from the autolytic products of MMP20, but without affecting its substrate binding. The same strategy has been used to mutate Glu200 to Ala in MMP1 to inactivate the enzyme, while still keeping its binding affinity for its collagen substrate (Chung et al., 2004) . Analysis of our enzyme activity assay data indicated that MMP20 was successfully inactivated by this mutation, while preserving its binding affinity for amelogenins, as shown in the competition and pull-down assays (see APPENDIX), and the SPR analysis. This is crucial for our studies to observe the protein interactions between MMP20 and amelogenin.
In the present SPR study, the kinetics parameters (K on , K off , and K a ) of wild-type rh174 amelogenin binding for E227A rhMMP20 were 6.45 x 10 4 M -1 s -1 , 5.68 x 10 -3 s -1 , and 1.19 x 10 7 M -1 , respectively. The K a value represents a high-affinity interaction between MMP20 and rh174 amelogenin. In a previous study (Roeb et al., 2002) , investigators demonstrated that K on and K off of recombinant MMP9 binding for its substrate were 3.83 x 10 5 M -1 s -1 and 1.01 x 10 -2 s -1 by means of SPR analysis. The dissociation constant (K d ) was 12 nM, which can be converted to a K a value of 3.79 x 10 7 M -1 , sug gesting a level of affinity between enzyme and substrate similar to that observed in our rhMMP20/rh174 amelogenin interaction study. The similarity of the results may not be surprising, since there is high homology between different MMP sequences, especially in the catalytic domains (Massova et al., 1998) .
The impaired amelogenin-MMP20 interaction caused by mutation of a single residue is related to the unique structure of proline. Proline has a pyrolidine five-membered ring in its structure, which blocks free rotation about the N-C bond. Thus, proline reduces the structural flexibility of the peptide backbone and holds the following amino group in a rigid conformation (Fleminger and Yaron, 1983; Yaron, 1987; Yaron and Naider, 1993) . In amelogenin, the proline residue upstream to the MMP20 cleavage site may be part of a docking site for MMP20 to bind (Turk et al., 2006) , or it may aid in positioning the cleavage-site residues into the enzyme's active site; indeed, there is a proline residue in the upstream sequence of every MMP20 cleavage site in amelogenin. Mutation of the critical proline will decrease the binding affinity of amelogenin for proteinases, thus impairing downstream proteolytic cleavage.
In conclusion, using the complementary techniques of pulldown assay, competition assay, and SPR analysis, we tested the binding kinetics of amelogenins and MMP20. We found that the P41T mutation of amelogenin reduces its binding affinity for MMP20. The reduced proteinase-substrate interactions may contribute to the delayed removal of amelogenin from the developing enamel matrix and give rise to AI.
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